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A B S T R A C T
Despite growing plastic discharge into the environment, researchers have struggled to detect expected increases
of marine plastic debris in sea surfaces, sparking discussions about “missing plastics” and ﬁnal sinks, which are
hypothesized to be coastal and deep-sea sediments. While it holds true that the highest concentrations of plastic
particles are found in these locations (103-104 particles m−3 in sediments vs. 0.1–1 particles m−3 in the water
column), our meta-analysis also highlights that in open oceans, microplastic polymer types segregated in the
water column according to their density. Lower density polymers, such as polypropylene and polyethylene,
dominated sea surface samples (25% and 42%, respectively) but decreased in abundance through the water
column (3% and 2% in the deep-sea, respectively), whereas only denser polymers (i.e. polyesters and acrylics)
were enriched with depth (5% in surface seawater vs. 77% in deep-sea locations). Our meta-analysis demon-
strates that some of the most abundant and recalcitrant manufactured plastics are more persistent in the sea
surface than previously anticipated and that further research is required to determine the ultimate fate of these
polymers as current knowledge does not support the deep sea as the ﬁnal sink for all polymer types.
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Plastics beneﬁt human society in numerous ways, such as improved
consumer health and product durability or reduced CO2 emissions with
lightweight materials [1], but in recent years plastic has been identiﬁed
as a widespread and recalcitrant pollutant in aquatic environments. It
was estimated that over 8 million tons of plastic enter the oceans an-
nually [2], and plastic is now found in all major oceanic gyres [3], polar
seas [4] and deep sea sediments [5]. In the environment, plastic is
known to deteriorate and fragment [6,7] therefore occurring in a wide
range of sizes [8,9], for which standardized categories have very re-
cently been proposed: macro- (≥1 cm), meso- (1–10mm) and micro-
(1–1000 μm) and nanoplastics (1–1000 nm; [10]), with smaller parti-
cles being numerically most prevalent on sea surfaces [3]. In the water
however, degradation is slowed down by lower temperatures and lim-
ited UV penetration [7], leading plastic debris to persist and accumulate
[11,12].
The global distribution of marine plastic debris and its broad range
of particle sizes imply interactions with marine fauna at all trophic
levels [13–18]. Thus far, much of the science has focused on the se-
verity of impacts, while the probability of encounter received less at-
tention. A complete understanding of risk however, can only be
achieved by evaluating the availability of microplastics to biota [19]
and potential release of additives embedded in them [20], which re-
quires knowledge about the major sinks for plastic debris in marine
ecosystems. Severity of ecological impacts will presumably be higher at
plastic sink sites, which can be found through a better understanding of
maritime plastic transportation [21,22].
Despite growing plastic production and discharge into the en-
vironment, researchers have struggled to detect predicted increases of
small microplastic (< 1mm) in sea surfaces, which has sparked dis-
cussion about possible sinks for marine plastic debris in deep sea se-
diments [3,23,24]. Various plastic polymer types have higher densities
than seawater (ρ > 1.02 g cm−3, Table S1) which should logically lead
to sinking, and in fact, plastics are plentifully found in the deep sea
[5,25]. Even the most abundantly manufactured polymers, i.e. poly-
ethylene (PE), polypropylene (PP) and some forms of polystyrene (PS)
which are less dense than seawater, can sink when biofouled because of
the increased density [26,27], or when included in fecal pellets after
ingestion and marine snow [28–30]. Some factors in these processes
remain uncertain though, such as the extent to which oligotrophic
marine systems support bioﬁlms large enough to cause sinking, or the
eﬀect of de-fouling and particle disaggregation, which would ultimately
cause lower density plastic debris to resurface [27].
In light of uncertainties about the ﬁnal sink for microplastic in
aquatic environments, we conducted a meta-analysis in an attempt to
identify patterns in the abundance of common synthetic polymer types
in diﬀerent aquatic zones. Investigating incidence of individual
polymer types is now possible, owing to the routine implementation of
spectroscopic methods to identify polymer types in environmental
surveys. By focusing on polymer type, we demonstrate that relative
abundance of speciﬁc synthetic polymers diﬀers with sampled aquatic
zone.
2. Methods
2.1. Eligibility criteria and search method
Literature on aquatic plastic debris was systematically reviewed
considering only studies that clearly speciﬁed the aquatic zones that
had been sampled, and in which the polymer type was identiﬁed.
Literature was searched using all databases inWeb of Science and, as
in Rochman et al. [31], the databases of the journals Environmental
Science & Technology and Marine Pollution Bulletin due to their relevance
in the ﬁeld, yielding additional articles not found through Web of Sci-
ence. The following Boolean search terms and modiﬁers were employed:
*plastic* AND debris AND environment* AND (FT$IR or Raman). The
search included every available publication until March 2018, but was
restricted to accepted, peer-reviewed publications in English with ori-
ginal data (Fig. 1).
2.2. Quality assessment and data extraction
Literature assessment was performed, in accordance with the pre-
deﬁned criteria described above. In a ﬁrst step, publications were
screened for relevance as environmental surveys by their title and ab-
stract. In a second step, the materials and methods section of each
publication was checked to assure that synthetic polymer types had
been identiﬁed, and total sample size of the characterized polymer
types was reported. If total sample size was missing, respective corre-
sponding authors were contacted via email. Given the importance of
controlling for contamination in microplastic research [32], studies
were further checked for QA/QC procedures. Studies that failed to
describe any type of control measures were no longer considered.
A sheet was developed for systematic data extraction. Data was
recorded independently by two authors as follows: sample type (i.e.
water or sediment), water type (i.e. marine or fresh), sampled zone (i.e.
intertidal, subtidal, sea surface, water column, deep sea water
(> 200m depth) and deep sea sediment (> 200m depth)), plastic ex-
traction method (i.e. visual or density separation including employed
density), maximum considered particle size, total sample size of char-
acterized plastic particles, identiﬁed polymer types, and their respective
relative abundance. Disagreements between reviewers during data ex-
traction were resolved by consensus. In microplastic studies that did not
report maximum particle size, a maximum particle size of 5mm was
assumed if such a deﬁnition was found in the introduction. In studies
that reported microplastics from the environment as well as from biota,
only microplastics from the free environment were considered.
Separate entries were recorded for data from the same study if re-
searchers sampled in diﬀerent zones (i.e. depth related). Because the
Fig. 1. Flow diagram of study selection. ES&T: Environmental Science &
Technology; MPB: Marine Pollution Bulletin.
G. Erni-Cassola, et al. Journal of Hazardous Materials 369 (2019) 691–698
692
present analysis focused on purely synthetic polymers, where relevant,
total sample sizes and polymer proportions were adjusted to account for
the exclusion of cellulose-based polymers, such as rayon, cellophane
and cellulose acetate, which in some studies were included as artiﬁcial
polymers. The original data and analysis script are available from the
authors upon request.
Despite the focus on prevalence of polymer types in each sampled
zone, we also considered reported plastic concentrations (particles
m−3). For studies that did not report particle concentrations by volume,
these were calculated using total reported number of particles and total
reported sampling volume. Polymer speciﬁc concentrations were then
obtained based on respective polymer type prevalence. Absolute par-
ticle concentrations could be obtained or calculated from 20 studies.
2.3. Statistical analysis
The main outcome of interest in meta-regression models was the
proportion of individual polymer types. The pooled prevalence of
polymer types was calculated with arcsine square root transformed
proportion data, because proportions of 0 commonly occurred.
Potential bias at the level of polymer type was investigated via funnel
plots and the signiﬁcance of eventual biases was tested for using Trim
and Fill followed by Egger’s regression tests. Heterogeneity was assessed
using the I2 statistic via random eﬀects models using the Paule-Mandel
estimation method, which was previously found to be a better alter-
native for dichotomous data than other estimators [33]. Mixed eﬀects
meta-regression models were then employed for each of the studied
polymer types separately, to test if the moderators sampling zone,
debris size (i.e. studies reporting microplastic only or general plastic
debris) and water type (i.e. fresh or saline) aﬀected polymer type pre-
valence. To ﬁnd the simplest possible model, explanatory variables
were dropped stepwise and likelihood ratio tests were used to assess if
the simpliﬁed models were signiﬁcantly diﬀerent from their previous
versions.
To evaluate how methods to extract microplastics from sediments
could have biased our results, such as an inﬂated prevalence of low-
density polymers due to lower density extraction protocols, we esti-
mated diversity of polymer types in sediment samples from intertidal
and subtidal zones, as well as the eﬀect of diﬀerent extraction methods
(i.e. solutions with density ρ < 1.5 g cm−3 and ρ≥ 1.5 g cm−3). For
this, Shannon’s diversity indices were calculated and, for ease of in-
terpretation, converted to eﬀective numbers of polymer types [34].
Standard errors were obtained via bootstrapping with 100 iterations.
The threshold for density separation was set at ρ=1.5 g cm−3, because
all but one of the polymer types considered here, should be extracted
via a solution of ρ≥ 1.5 g cm−3 (Table S1).
All analyses and plotting were performed in R (version 3.4.3, [35]),
using the packages meta [36], metaphor [37], vegetarian [38], and
ggplot2 [39].
3. Results
3.1. Summary of included studies
The present meta-analysis draws data from 39 studies (Fig. 2). In-
itially, our literature search identiﬁed a total of 283 studies, but 190
were discarded after title and abstract screening, because they were not
relevant to the topic (Fig. 1). After full-text review of the remaining 93
studies, another 53 were discarded mainly because authors did not
report the polymer types and/or total sample size remained incomplete
after contacting corresponding authors (n=29), but also due to absent
quality assurance and quality check (QA/QC) measures (n=18). Fur-
ther studies were excluded because they did not contain environmental
data (n=3), full text was not available (n=2), or authors did not
report polymer types from diﬀerent sampling depths separately (n=2).
Missing total sample size or clariﬁcations on the data were obtained
from corresponding authors in seven of the ﬁnal 39 studies considered
[3,40–45].
Polymer type data for diﬀerent sampling zones stemmed from 17
water surface studies (Fig. 3), 4 water column studies, 13 intertidal
studies, 6 subtidal studies and three deep sea studies, including double
entries for four studies. The subtidal studies were conducted in shallow
regions with average sampling depths ranging between 6–59m
(median= 17.25m), while the deep sea studies sampled at average
depths of 2250m, 2227m, and 3496m. Eight studies contained data
from fresh water and estuarine sites, while 32 studies had marine data
(including one study that sampled in both). In total, data on 24 diﬀerent
polymer types were recorded (Table S1), but due to sparsity of the data,
meta-regression models were employed to study those that were most
abundant: PE, PP, polystyrene (PS) and the group PP&A (polyesters,
PEST; polyamide, PA; and acrylics). Despite that rare polymer types
were not studied in greater detail, they were not subtracted from total
particle counts; estimated relative abundance of PE, PP, PS and PP&A
are therefore based on total characterized particle counts from all 24
polymer types.
3.2. Prevalence of polymer types in diﬀerent aquatic zones
Pooled prevalence data conﬁrmed that PE was the most abundant
plastic type polluting aquatic environments with a predicted relative
abundance of 23% (95% conﬁdence interval 15–32%). The second most
abundant polymer was of the group PP&A (20%; 95% conﬁdence in-
terval 11–32%), followed by PP (13%; 95% conﬁdence interval 7–20%)
and PS (4%; 95% conﬁdence interval 2–9%). No signiﬁcant publication
bias was revealed by Egger’s regression tests for any of the investigated
polymer types (Fig. S1, PE: Z = –1.59, p= 0.111; PP: Z = 1.08, p=
0.279; PS: Z = –0.48, p=0.635; PP&A: Z= 1.42, p= 0.156).
Nevertheless, we found high heterogeneity (I2= 98%) between studies
at the level of all polymer types (Figs. 3 and S2-S5), indicating that the
surveys did not share a common eﬀect size.
Potential sources of heterogeneity were explored with meta-re-
gressions using three categorical moderators, i.e. debris size, water
type, and sampling zone. The simplest model for all polymer types,
except PS, included a single signiﬁcant moderator (i.e. sampling zone;
see Table S2 for statistical details), indicating that of the moderators
considered here, only “sampling zone” could explain part of the
variability in polymer type prevalence observed between studies. PE
and PP were relatively more abundant in surface samples (PE: 42% and
PP: 25%) compared to water column- (PE: 9%, Z = -2.55, p= 0.011
and PP: 3%, Z = -2.46, p= 0.014), and intertidal samples (PE: 18%, Z
= 2.61, p= 0.009 and PP: 5%, Z = 2.66, p= 0.008, Fig. 3). While the
abundance of PE was also higher in surface water than subtidal sedi-
ments (11%, Z = −2.29, p= 0.022) and the deep sea (2%, Z =
−3.15, p= 0.002), diﬀerences between PP prevalence in surface water
compared to subtidal sediments and deep sea remained statistically
insigniﬁcant (18%, Z = −1.08, p= 0.279; 3%, Z = −1.87,
p=0.061). In contrast, prevalence of PP&A was highest in deep sea-
(77%) and water column samples (64%), and signiﬁcantly lower in sea
surface samples (5%, Z= 3.519, p= 0.0004; Z = 3.344, p= 0.0008
respectively). Despite accounting for sampling zone, heterogeneity re-
mained very high throughout subgroups (I2> 87%, Figs. S2-S5) in-
dicating that further important moderators were missing from the
models and that subgroups still did not share common eﬀect sizes. Such
additional variation can for instance stem from inconsistencies among
sampling methodologies, which are reported in detail in the Supple-
mentary Information.
3.3. Polymer concentrations in diﬀerent aquatic zones
All common polymer types were most enriched in intertidal sedi-
ments (˜ 103 – 104 particles m−3, Fig. 4). In surface waters, con-
centrations were four orders of magnitude lower than in intertidal
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sediments (˜ 0.1–1 particle m−3), with three exceptions from China and
Korea, which presented similar concentrations to intertidal sediments.
The data further indicated that subsurface waters contained plastics in
similar concentrations to sea surfaces, although the water column was
mainly polluted by PP&A (Fig. 4). As previously reported, the con-
centration of particles detected in deep sea sediments was higher than
what was found in intertidal sediments (> 104 particles m−3; [5]) al-
though, interestingly, no PE or PP were reported in that study.
4. Discussion
Our meta-analysis conﬁrmed that PE, PP, PS and PP&A were among
the most abundant polymer types in aquatic environments. This is not
surprising as these materials accounted for 74% of global plastic pro-
duction in 2015 and are commonly used in short life-cycle products
[46,47]. Here we show that the relative abundance of low-density
polymer types (i.e. PE and PP) is highest in open sea surfaces, but lower
in intertidal- or subtidal samples, and further decreases in subsurface
water (Fig. 5). In turn, plastics denser than seawater, such as polyester,
polyamide and acrylics (PP&A), were relatively more abundant in
subsurface water than on sea surfaces. The available data from the deep
sea further revealed PP&A as the dominant group of plastics in these
environments (77%, Fig. 5), as well as chlorinated PE [40], which is
similarly dense and mostly added to PVC (ρ ˜ 1.16 g cm−3, [48]).
Hence, while the relative abundance of diﬀerent polymers remained
similar between shallow intertidal and subtidal sediments, data from
the open ocean suggests a segregation between polymers through the
water column and does not support the idea that sedimentation is oc-
curring at similar rates for all microplastic polymer types.
If deep sea sediments were the major sink for microplastics in
marine systems, we would expect to ﬁnd throughout the water column
similar proportions of polymer types as observed in coastal zones.
Moreover, if sinking was a principal mechanism for removal of all types
of sea surface plastics, then relative abundance of polymer types should
remain similar between surface water and the water column, as well as
the deep sea. Particle concentrations supported the trends observed
from our prevalence-based analyses (Fig. 4). Given the segregation of
diﬀerent polymer types found here, it is important to reconsider the
sink of those plastics “missing” from surface seawater (mainly PE and
PP; [3]). Recent studies have already highlighted that up to 97% of this
material might have been overlooked, if sampling methods and analysis
did not account for vertical mixing [49,50] or if methods for quanti-
fying the smaller fraction of microplastics (i.e.<1mm) were not im-
plemented [51,52]. Simulations predicted that buoyant PE micro-
particles would persist and oscillate in the water column [53], but the
overall relatively low abundance of PE and PP in studies that have
sampled the water column (Figs. 4 and S1-S2), and the lack of evidence
for signiﬁcant plastic debris in sediment traps from the North Atlantic
gyre [54], suggest that this issue may be more complex than antici-
pated. For instance, small buoyant microplastics sink as part of fecal
pellets when ingested [28] or when incorporated in marine snow
[29,55], but it is uncertain for how long microplastics remain in such
particulate organic matter, since (I) fecal pellets containing micro-
plastics are more likely to fragment [28], (II) zooplankton is known to
break up larger aggregates [56], and (III) organic material is reminer-
alized in marine aphotic zones [57], altogether perhaps leading
buoyant microplastics to reemerge. Deposition of buoyant microplastics
may therefore occur more likely in photic-, rather than aphotic sedi-
ments, which would stand in agreement with our results (Fig. 5). All of
these points, coupled to the analysis we present here, do not allow to
conclude that buoyant polymer types reliably sink out of the water
column, and emphasize that additional sampling of the deep sea water
column and sediments, as well as data from sedimentation traps are
necessary to provide an answer to this question.
Unexplained heterogeneity between studies remained very high,
despite accounting for sampling depth, highlighting that important
moderators remained unaccounted for in the analysis. For instance,
local prevalence of speciﬁc polymer types may vary with the presence
of production plants or speciﬁc activities that release characteristic
types of polymers (e.g. the large number of acrylics found in [45];
Figs. 4 and 5), but it is currently not possible to have higher spatial
resolution. Moreover, it is evident that diﬀerences between sampling
methods, such as the densities employed to extract plastics from sedi-
ments or diﬀerent surface water sampling techniques, can account for
variability in results (see Supplementary Information for a detailed
discussion). In addition, occurrence and transportation of microplastics
in the oceans is subject to wave-driven turbulent mixing [49], as well as
plastic properties, such as particle size and shape [22,58]. For instance,
unlike other polymers, relative abundance of PS did not signiﬁcantly
change with the sampled zone. This could be explained by the two
distinct forms of PS, i.e. “solid” PS (ρ ˜ 1.04 g cm−3) or expanded PS
(ρ < 0.05 g cm−3), which behave diﬀerently in water. The very low-
Fig. 2. Sampling sites of studies included in the review [63–91]. Sampling zones are indicated: teal, surface water; dark blue, water column; orange, subtidal and
deep sea; red, intertidal. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article).
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density form is expected to remain on sea surfaces and intertidal areas
(Fig. 4; [59]), whereas the denser form of PS should theoretically sink,
thus explaining the occurrence of PS in subtidal samples (7%, Fig. 3).
Undoubtedly, concentration and prevalence of plastic polymer types
in aquatic environments vary with geographic location, i.e. in response
to local sources of pollution, such as densely populated coastal regions
[60] and with distance to coast [61], but also within sampling sites
[62], the shape of the particles [50], and with the sampling metho-
dology used. While all polymer types can be found in any given sam-
pling zone, our meta-analysis reveals a general trend in relative abun-
dance of four common polymer types in diﬀerent sampling zones and
highlights important knowledge gaps as well as reporting issues. Here,
we cannot conﬁrm that buoyant polymer types reliably sink out of the
water column, and hence, further research is required to determine the
ultimate fate of buoyant plastic polymers such as PE and PP, a funda-
mental requirement to assess the real risk plastic pollution poses to
aquatic life.
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Novelty statement
Plastic debris is thought to be a hazardous material to marine life,
but risk requires evaluating the availability of microplastics to biota
and, currently, the ultimate sinks for these materials remains unclear.
For the ﬁrst time, this meta-analysis brings together data recorded from
diﬀerent marine zones and identiﬁes the sinks for microplastics in
aquatic systems. Deep sea sediments have been suggested as the ﬁnal
sinks for marine microplastics, but our meta-analysis demonstrates that
microplastics segregate through the water column in accordance to the
material’s density and, hence, ﬁnal sinks in aquatic environments are
diﬀerent for diﬀerent polymer materials.
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